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Abstract—This article investigates the stability of triple
active bridge (TAB) converter with different types of loads. In
this paper, port2 of TAB converter adopts voltage control to
supply a constant power load (CPL), and port3 uses voltage
control to supply a resistor or uses current control to supply a
battery. Then, an extra element theorem-based (EET) modelling
method based on the small signal model of the TAB converter is
developed to derive the output impedance of different cases. The
AC sweeping is implemented to validate the effectiveness of
derivation. Furthermore, the impedance-based analysis method
is applied to analyze the system stability. The analysis result
shows that the instability issue caused by CPL at port2 can be
suppressed by reducing the resistance load value at port3 or
output current of port3. Simulation and experimental results
are given to validate the stability analysis.

Keywords—triple active bridge converter, extra element
theorem, impedance-based analysis method, constant power load

[. INTRODUCTION

The application of multiport converters such as TAB
converter has been paid increasingly concerns in power
distribution system [1], aircraft [2],[3], and metro or railway
traction power systems [4]-[6] due to the advantages of
galvanic isolation and high power density.

A lot of work has addressed the controller design and
power management of TAB converter connecting different
loads or subsystems. For instance, traditional feed-forward
decoupling matrix or polar coordinate decoupling matrix [7]
are widely utilized to individually design the controller for
each port. Since the operation point is not fixed, it is difficult
to guarantee the singularity for every operating point.
Furthermore, droop control is used to regulate the bus voltage
of TAB converter and perform power management in aircraft
[2]. Other methods such as fuzzy control and dynamic
programming are used to achieve efficient power management
in residential microgrids [8]. However, the stability of the
TAB converter is slightly discussed.

For the two-port converter-based cascaded system, the
oscillation phenomenon caused by the negative impedance of
CPL is widely analyzed by small signal-based methods such
as eigenvalue-based method [9] and impedance-based method
[10]-[14]. In [10], the stability of the rectifier with a DAB
converter is analyzed by identifying whether the ratio of the
output impedance of rectifier to the input impedance of the
DAB converter meets Nyquist criteria. It is also applied to
analyze the stability of DAB converter with an input filter in
[11]. And it is still effective for the entire system when two-
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Fig. 1. The simplified structure of the proposed system.

port converter is acted as an interlinking converter to integrate
multiple distribution power systems [12],[13].

For multi-port converter, the stability issue of the TAB
converter with two CPLs under voltage control is investigated
by the impedance-based method in our previous work [4]. It
indicates that an increase of CPL power at one port will
aggravate the instability issue at another port connecting with
CPL. However, the instability issue of TAB converter is rarely
discussed when one port of the TAB converter is connected to
different types of loads and adopts different control methods.

To fill this gap, this article considers different types of
loads at port3 as shown in Fig. 1. In case one, the port3 of TAB
converter connects with a resistor, and voltage control is
enabled to regulate bus voltage. In case two, the port3
connects with a battery, where current control is enabled to
regulate output current of port3. The EET-based method,
explained in [4], is used to obtain output impedance of port2
considering the load effect of port3. Then, the impedance-
based analysis method is developed to investigate the impact
of resistor variation and current variation on system stability.

The rest of this article can be organized as follows. In
Section 11, the small signal model of TAB converter and the
output impedance by EET-based method are elaborated. In
Section III, the impedance-based method is utilized to analyze
system stability of different cases. In Section IV, simulation
verification and experimental verification are implemented to
validate the theoretical analysis. The conclusion is drawn in
Section V.

II. SYSTEM DESCRIPTION AND IMPENDANCE MODELLING

Fig. 1 shows the simplified structure of the TAB converter
with hybrid loads, where the TAB converter is formed by a
three-windings transformer and three H bridges (HB). As
mentioned in Section I, port2 is connected with a CPL, and
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port3 is connected with a resistor in case one and a battery in
case two.

A. Small signal model of the TAB converter

The TAB converter can be modelled as a three-port
gyrator [4], which is shown in Fig. 2. The average transferred
power of each port over one switching period can be obtained
as (1) by the superposition principle [15],[16].
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where f; represents the switching frequency. L;», L;3 and Laz
represent the equivalent leakage inductor of high-frequency
transformer in A-connection. d;2, d;3 and d»; represent the
phase shifting ratio. n;, n; and n; represent the winding turns
of the transformer.

By linearization of (1) at a steady operation point, the
small signal model of the TAB converter can be derived as (2),
where the coefficients of G;;-G34 are given in Table I.

1 0 G, G, I% G, G, d
> [=| O 0 Gy ||V, |+ Gy Gy I:c?n} 2
i3 G G, O A3 Gy, Gy "

B. The output impedance of the TAB converter with a
resistor under voltage control

The EET-based method is applied to derive the uncoupled
and coupled output impedance of the TAB converter, which is
explained in [4]. According to Fig. 2, the voltage and current
relationship at each port can be represented as (3).

, = Gydy, + G,V +Grd,, + G,V ()
[, =G, d, +GyV, +Gud, +G.V,
dAIZ = (I}z ref I}z G, =10,
dy =V, =V,)Gy =—V,G,

The uncoupled output impedance of port2 considering the
effect of loads at port3 can be represented as (4) by the EET-

based method.
el 2

Z(s)

where the H,(s) represents the impedance when the loads at
port2 and port3 are neglected. Zy’(s) and Zp’(s) represent the
null driving point impedance and driving point impedance
seen from port3. H,(s), Zv’(s) and Zp’(s) can be represented as
(5)-(7), respectively.
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Fig. 2. The small signal model of the TAB converter

Table I The coefficients of the small signal model of the TAB converter
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The coupled output impedance of port2, which considers

the effect of the load at port2, is obtained as (8).
Z I1+2Z, ,.12,) (8)
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Fig. 3(a) shows the AC sweeping results in PLECS, where
port2 and port3 connect with a 20Q resistor. The parameters
of the TAB converter and control system are given in Table II.
It can be seen from Fig. 3(a) that the analysis results agree with
the sweeping results. It also validates the effectiveness of the
derivation of uncoupled output impedance.

C. The output impedance of the TAB converter with a
battery under current control
In this situation, port3 is connected to a battery and current

control is enabled to regulate the output current. The voltage
and current relationship at each port can be represented as (9).
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Table II The parameters of the TAB converter

Parameter Value Parameter Value
Bus voltage V,.;(V) 200 Winding turns n;:n:n; 1:1:1
Capacitor C, 3 (uF) 820 Leakage inductor L;.; (uH) 50

ESR of capacitor R.;;(€2) 0.01

Switch frequency f; (Hz) 10k
Internal resistance Z, (2) 0.05

Battery voltage Vo (V) 195

Current filter . (rad/s) 6283  Damping factor { 0.707
Voltage controller G,;,3: 2e-4+0.1005/s
Current controller G;;: 0.01+2.5133/s
Current filter: G3: 0 /(s> 20 {5+w.2)
— Lipw — Z3 e 0 AL sweeping
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Fig. 3. The output impedance of port2. (a) Port3 connects with a resistor. (b)

Port3 connects with a battery.
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Similarly, the uncoupled output impedance of port2 in this
case can be represented as (10) by the EET-based method.
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Fig. 4. The frequency characteristic of port2 when port3 connects with a
resistor. (a) Impedance comparison when P; is increased. (b) Impedance
comparison when the value of resistor Z; is decreased.
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The null driving point impedance Zy/*(s) and driving point
impedance Zp,’(s) can be obtained as (12) and (13).

1 sCy 1
3 = +—
Zy(s) sR,C,+1 Z,

(12)
_ (G34 _Gslez)az
1+ G33GL3Gi3 _(634 - G31Gv2 )bz
3 SC3RL'3Zbat + Zbat
S)=—7"7T—"7"7"""—
w(s) sC, (R, +2Z, (13)

L)+

Fig. 3(b) shows the AC sweeping results in PLECS when
I3 rer is 10A. It can be seen that the analysis results agree with
the sweeping results.

III. IMPEDANCE-BASED STABILITY ANALYSIS

In this section, the impedance-based analysis method is
adopted to analyze the stability of the proposed system. The
system stability can be identified by whether the phase margin
(PM) is higher than zero degree. The PM can be represented
as (14).
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Fig. 5. The frequency characteristic of port2 when port3 connects with a
resistor. (a) Impedance comparison when P; is increased. (b) impedance
comparison when the value of resistor Z; is decreased.

PM =180°-|2Z, ,,~2Z

(14

If the PM is higher than zero degree, the system is stable.
Otherwise, the system would be unstable.

out 2_in

A. Stability analysis of the TAB converter when Port3
connects with a resistor

Fig. 4(a) shows the frequency characteristic of Port2
output impedance (Z; o.) and input impedance (Z> ;») when Z3
is kept at 500Q. It can be seen that there exist two intersection
points between Z; ,.and Z; ;; when P; is increased to 1050W.
The frequency and phase margin of the left intersection point
is 13Hz and -28 degrees. It indicates that the system would
become unstable under the situation that P, is 1050W and Z;3
is 500Q. Also, an oscillation phenomenon with 13Hz can be
seen.

Fig. 4(b) shows the frequency characteristic of Z> o, and
Z> inwWhen P is kept at 1050W and Z; is decreased to 20Q2
from 500Q. It can be seen from Fig. 4(b) that the magnitude
of Z> ou in the frequency domain is reduced when Z; is
decreased to 100Q2 and 20Q. There is no intersection point
between Z; ,uand Z> ,, which indicates that the system would
be stable.

Therefore, when the TAB converter adopts voltage control
to regulate the bus voltage of port3, a small resistor connected

Z=1000 — 7,=300
300 T

Ar0.07205
(13.9H)

P=SOW.R=S000Q  P=1050W,R,=5000

1.5

=
e

Timeish

250

g

Violuage V)

s
=

10}
1

Time(s)
@ Ar=0.064,
Ar=(L06435
T ng=12A —— fy pgmdA — I; =2A “5_55”;)
300 T Ar00623s T

(16H7)

Port2: Vs

Valtage V)
)
=

Pre50WT5 e 10A

PR20W.1, = 10A

Time(s)
196 . . |

Pori3: ¥y

Timeis)
b}

Fig. 6. Simulation results. (a) Port3 connects with a resistor. (b) Port3 connects
with a battery.

PLECS
RT box

Fig. 7. The laboratory prototypes.

with port3 of the TAB converter can mitigate the oscillation
phenomenon at port2.

B. Stability analysis of the TAB converter when Port3
connects with a battery

Fig. 5(a) shows the frequency characteristic of Z .. and
Z> inwhen I3 o is kept at 10A. There exist two intersection
points when P; is increased to 820W. The phase margin of the
left intersection point is -6 degrees, which indicates that the
system would be unstable with 15.9Hz oscillation. Fig. 5(b)
shows the frequency characteristic of Z; o, and Z; ;, when P>
is kept at 820W and /s ,.ris decreased to -4A from 12A. The
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Table III The parameters of the experimental prototype

Parameter Value Parameter Value
Bus voltage V;(V) 100 Winding turns n;:n:n;z 2:1:1
Bus voltage 7,3(V) 50 Leakage inductor L;, (uH) 5.27
Switch frequency f; (Hz) 10k Leakage inductor L,;(uH) 5.52
Capacitor C;; (uF) 410 Leakage inductor L,; (uH) 331

Voltage controller G,,3: 2e-3+0.63/s
Current controller Gi;: 1e-3+0.32/s

Stop

V AW

ri mov N @ 20.0ms SO0KS/5.
20,04

Bux %
250V

¢ ® 1wa w Ji 100k points
(a)
Tok Stop
V : r';
buck out |
o L o o B
I buck_out
= E 400ms. T S

SM points a0y

@ =0V 2 20.0ms B0M @ S
i+~ 5M paints 410V

Fig. 8. The experimental verification of TAB converter with buck converter
and resistor. (a) The waveform of bus voltage and current. (b) The
waveform of buck converter.

magnitude of Z; o in the frequency domain is reduced
gradually when /3 ,.r is decreased to 5A, 2A, -2A and -4A,
which indicates that the system would be stable.

Therefore, when port3 adopts voltage control to supply a
resistor load, the system will become more stable if port3
supplies more power for the load. However, when port3
adopts current control to supply a battery load, the system will
become more stable only if port3 reduces the output current or
absorbs energy from the battery.

Stop.
: R Vs
) Il
4 [ !; il 744
.,
i I
3
1
|
i I3
f !
1
[ /
- 1004 ~ ax 400ms 25,0k Jux \
20 5.00 N 100k points
o T
L || “f it L ‘ l} g
i
53
fid
| R e NP
(a)

@ 0.0V 2 40.0ms. 12.5M5/5 - / T
— SM ponts 4.0V

Fig. 9. The experimental verification of TAB converter with buck converter
and grid emulator. (a) the waveform of bus voltage and current. (b) the
waveform of buck converter.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Simulation verification

Fig. 6(a) shows the simulation results when port3 adopts
voltage control to supply a resistor. It can be seen that the
system occurs oscillation phenomenon when P; is increased
to 1050W at 1.5s. The oscillation frequency is 13.9Hz, which
agrees with the analysis in Fig. 4(a). Then, the resistor Z3 is
decreased to 100Q2 and 20Q at 2s. It can be seen from Fig. 6(a)
that a 20Q resistor can mitigate the oscillation phenomenon
with more fast response than a 100Q resistor, which agrees
with the stability analysis in Fig. 4(b).

Fig. 6(b) shows the simulation results when port3 is
enabled by current control to supply a battery. It can be seen
that the oscillation phenomenon is caused when P, is
increased to 820W and I3 ,.ris kept at 10A at 1.5s, where the
oscillation frequency is 16Hz. It agrees with the analysis in
Fig. 5(a). When I s is increased to 12A, the oscillation
phenomenon becomes more obvious, and the oscillation
frequency is decreased to 15.55Hz. However, when I3 s is
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decreased to 2A and -4A, the oscillation phenomenon is
mitigated at 2s, which agrees with the analysis in Fig. 5(b).

B. Experimental verification

Fig. 7 shows the experimental setup of the TAB converter,
where the control system is implemented by PLECS RT Box.
In this work, the CPL is emulated by a buck converter with a
resistor and voltage control is implemented to maintain the
constant load voltage. The battery is emulated by a grid
emulator (CA MX30) operated in DC mode. The parameters
of this prototype are given in Table III.

Fig. 8 shows the experimental verification when port2
connects with a buck converter and port3 connects with a
resistor, where Fig. 8(a) shows the bus voltage and current of
the TAB converter and Fig. 8(b) shows the voltage and current
of the buck converter at the load side. The bus voltage of V>
and V3 is 50V at normal operation and the output voltage of
buck converter (Vpuek our) is kept at 40V. It can be found that
the low-frequency oscillation phenomenon is amplified since
the output current of the buck converter (Zpuck our) is increased.
Then, the power of port3 is increased by adding a parallel
resistor. It can be seen that the oscillation phenomenon is
mitigated. Therefore, the power increase of port3 can alleviate
the oscillation phenomenon caused by CPL at port2 when
voltage control is applied for port3.

Fig. 9 shows the experimental verification when port2
connects with a buck converter and port3 connects with a grid
emulator. It can be seen that an oscillation phenomenon is
caused when the output current from port3 to grid emulator
(I30) is 3A. Then, it can be found that the oscillation
phenomenon is mitigated when /3, is decreased to 1A. It
indicates that the power reduction of port3 can alleviate the
oscillation phenomenon caused by the CPL at port2 current
control is adopted for port3.

V. CONCLUSION

This paper presents an extra element theorem-based
modelling method to derive output impedance of TAB
converter when a resistor with voltage control is connected to
port3 or a battery with current control is connected to port3.
The AC sweeping results validate the effectiveness of the
proposed impedance model, and the impedance-based method
is adopted to analyze the system stability of different cases.
Simulation and experiments are given to validate the stability
analysis. The simulation and verification results show that the
oscillation issue occurs when the power of CPL at port2 is
increased. The oscillation problem can be eliminated by
reducing the resistor value in port3 when voltage control is
enabled to regulate the bus voltage of port3. Also, the
oscillation problem can be eliminated by reducing the output
current of port3 when current control is implemented at port3.
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